Background-Genetic testing for long QT syndrome (LQTS) has diagnostic, prognostic, and therapeutic implications. Hundreds of causative mutations in 12 known LQTS-susceptibility genes have been identified. Genetic testing that includes the 3 most commonly mutated genes is available clinically. Distinguishing pathogenic mutations from innocuous rare variants is critical to the interpretation of test results. We sought to quantify the value of mutation type and gene/protein region in determining the probability of pathogenicity for mutations.
INTRODUCTION
The modern era of genetic testing has afforded clinicians the opportunity to test for many genetically transmitted diseases. As genetic tests make their transition from "investigational" tests to bona fide, clinically indicated and reimbursed tests, it is likely that increasing numbers of patients will undergo genetic analysis, either for specific diseases or eventually of their entire genome, potentially revealing numerous rare mutations of unknown clinical significance, otherwise known as "variants of uncertain significance" (VUS). Currently, nearly 1000 genetic tests (www.genetests.org) are available clinically and are offered through more than 600 diagnostic laboratories worldwide. [1] Interpreting the significance of a genetic test result in the context of insufficient clinical evidence for a particular disease phenotype (or pre-test probability of disease) is challenging for medical geneticists, disease subspecialists, and primary physicians. [2] A recent editorial by Hunter et al. detailed some of the challenges with genetic testing and the associated diagnostic implementation. [3] For sudden death predisposing diseases like congenital long QT syndrome (LQTS), in which highly effective medical-, surgical-, and device-related therapies are available, proper interpretation of the genetic test is critical considering the diagnostic, prognostic, and therapeutic implications of a positive LQTS test. [4] Since the sentinel discovery of the first LQTS-susceptibility locus on chromosome 11 in 1991 [5] and the discovery of mutations in key cardiac potassium and sodium channels in 1995 [6, 7] , LQTS has been understood as a cardiac channelopathy. To date, hundreds of LQTS-causing mutations in at least 12 LQTS-susceptibility genes have been described, and a litany of genotype-phenotype studies have revealed relatively gene-specific electrocardiographic patterns, arrhythmogenic triggers, risk for sudden death, and responses to pharmacotherapy. [8] [9] [10] [11] [12] [13] [14] Recognizing the essential role of LQTS genetic testing in the evaluation and management of patients, pseudo-clinical testing was conducted in a handful of research laboratories from 1995 -2004. In 2004, LQTS genetic testing for 5 LQTSsusceptibility genes, including the three major genes [KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3)], became a commercially available genetic test in North America.
Mutations in the 3 major LQTS-susceptibility genes account for approximately 70-75% of congenital LQTS cases while the 9 other minor genes contribute approximately an additional 5%. [15] The remaining 20-25% of LQTS continues to be genetically elusive. Genetic variants identified through genetic testing may represent known polymorphisms; known disease-causing mutations; radical mutations, including splice, in-frame, nonsense and frame-shift mutations; silent variants; or rare, non-synonymous single nucleotide polymorphisms (nsSNPs)/missense mutations that have not been identified or characterized previously.
In addition to the published and web-available compendia of putative LQTS-causing mutations, two compendia of rare potassium channel and sodium channel variants discovered among over 800 ostensibly healthy volunteers have been published. [16] [17] These control data established not only the ethnicity-dependent frequencies for common polymorphisms but also revealed that approximately 5% of otherwise healthy individuals (3-4% of Caucasians and 6-8% of African Americans) may have what could be interpreted as a "positive" genetic test. [16] [17] In other words, nearly 1 in 20 controls hosts a rare (<0.5% allelic frequency, typically unique) genetic variant that alters the amino acid sequence of one of the channel proteins. Considering that LQTS has an estimated incidence of 1 in 2500 persons, the vast majority of these rare variants found in controls must be innocuous, having no clinical relevance and little or no functional difference from wild-type.
This so-called "background genetic noise", now quantified for the LQTS genes, is almost certain to be present for virtually every disease-susceptibility gene and serves as a powerful reminder that genetic tests, like most diagnostic tests, are probabilistic rather than binary. Distinguishing pathogenic mutations from otherwise "just rare, just there" mutations is of paramount importance. Heterologous expression studies of every ion channel variant to assess in vitro whether the mutation confers a perturbed molecular/cellular phenotype is prohibitively time consuming, sometimes not translatable from heterologous system to human host, and thus not suitable for regulated, clinical testing. To date, < 20% of all published LQTS-associated mutations have been characterized functionally. New variants are being discovered at a far greater rate than characterization experiments can be performed currently.
Therefore, in an effort to enhance the diagnostic interpretability of the next novel genetic variant, we conducted a large multi-center case-control study examining the properties of mutations derived from high probability clinical cases compared with those similarly rare variants derived from ostensibly healthy volunteers. Here, we have expanded on previous observations to quantify the signal-to-noise ratio in distinguishing a pathogenic mutation from an innocuous one based on mutation type and location.
METHODS

Case-Control Study Design
From 1997 to 2007, over 1300 patients were referred to either Mayo Clinic's Windland Smith Rice Sudden Death Genomics Laboratory in Rochester, Minnesota, USA, the Cardiogenetics Clinic at the Academic Medical Center in Amsterdam, The Netherlands, or PGxHealth in New Haven, CT for comprehensive LQTS genetic testing following written, informed consent.
In an effort to polarize the cohorts (cases versus controls) as cleanly as possible, only "clinically definite" unrelated index cases were examined, amounting to 388 of the total referral population, which increases the a priori or pre-test probabilities that a case-derived mutation is indeed pathogenic. For the purpose of this case-control mutation analysis, "clinically definite" cases were defined as those with a clinical diagnostic score ("Schwartz score") > 4 or a corrected QT interval (QTc) greater than 480 ms. These criteria have been shown to correlate with a high clinical probability for LQTS. [18] All cases were unrelated, and demographics including ethnicity, age, and sex were recorded at the time of sequencing.
The spectrum and prevalence of case mutations as well as mutation type and mutation location were compared with the characteristics of the genetic variants found among controls. The controls consisted of 744 unrelated seemingly healthy volunteers analyzed previously for K channel variants [16] and the 829 healthy volunteers analyzed previously for Na channel variants [17] along with over 500 additional non-LQTS volunteers sequenced for this study by PGxHealth (Table 1) . DNA samples were obtained from the Human Genetic Cell Repository sponsored by the National Institute of General Medicine Sciences and the Coriell Institute for Medical Research (Camden, NJ) [16] [17] as well as anonymized blood donors. An electrocardiogram evidencing a normal QT interval was not a pre-requisite for subjects comprising this control cohort. Table 1 summarizes the ethnic distribution of all cases and controls.
LQTS Genetic Testing
The genomic DNA of all cases and controls was analyzed for mutations in the 60 translated exons and the splice site regions of the three major LQTS-susceptibility genes: KCNQ1, KCNH2, and SCN5A, responsible for LQT1, LQT2, and LQT3 respectively. Mutation analyses were performed using polymerase chain reaction and either denaturing highperformance liquid chromatography followed by automated DNA sequencing, or direct high throughput DNA sequencing. [19] 
Mutation sequence analysis
Only genetic variants predicted to alter the open reading frame thereby affecting the primary amino acid composition of the cardiac channel were included. To be considered a possible pathogenic mutation in this study, the particular genetic variant found in a case must not have been observed in our control population. Variants seen in controls more than once were considered polymorphisms for purposes of this study and were excluded from analysis. Accordingly, common amino acid substitutions, a.k.a. "common polymorphisms," such as KCNH2-K897T and SCN5A-H558R did not influence the analyses of mutation type and topological locations in this study. The term "mutation" in this paper is not meant to imply pathogenicity or even functional abnormality, merely rarity and predicted protein alteration as defined above. Mutations were then classified using standard nomenclature. [20] Splice site, nonsense, frame-shift, and in-frame insertion/deletions were grouped together as "radical" mutations.
Mutations were localized to exon and specific gene-encoded protein regions according to a combination of Swissprot (http://ca.expasy.org/uniprot/) and recent studies of genomic and protein organization for the 3 genes. [21] [22] [23] The Swissprot database offers generally accepted residue ranges corresponding with each region and specialized sub-regions of the ion channel, used here with slight modifications. For KCNQ1 and KCNH2, mutations were characterized as being located in the N-terminus (KCNQ1, amino acids (aa) 1-121; KCNH2, aa 1-403), the region between the N-and C-termini comprising the transmembrane (TM), linker (L), and Pore (P) (KCNQ1, aa 122-348; KCNH2 aa 404-659; or the C-terminus (KCNQ1, aa 349-676; KCNH2, aa 660-1159). [14] For SCN5A, mutations were characterized as being located in the N-terminus (aa 1-126), inter-domain linker (IDL I-II, aa 416-711, IDL II-III, aa 940-1200, and IDL III-IV, aa 1471-1523), transmembrane/ linker (Domain I, aa 127-415, Domain II, aa 712-939, Domain III, aa 1201-1470, and Domain IV, aa1524-1772), or C-terminus (aa 1773-2016). Further sub-categorizations were used for four specialized sub-regions: subunits assembly domain (SAD, aa 589-620) of the C-terminus of KCNQ1, the Per-Arnt-Sim (PAS, aa 41-70) and PAS-Associated C-terminal (PAC, aa 92-144) sub-domains of the N-terminus of KCNH2, and the cyclic nucleotide binding domain (cNBD, aa 742-842) of KCNH2.
Statistical Analysis
Variables were analyzed using Fisher's exact test. Frequencies of each type of mutation were computed for all subjects as well as a Caucasian-only subset analysis. Further analyses were performed within particular channel regions. Each mutation was counted every time it was seen, because the statistics concern frequencies of people carrying particular classes of mutation.
In order to estimate the likelihood of disease causation, a modification of the positive predictive value was used. We made the logical assumption that the incidence of benign, background mutations is the same for the case and control populations. We further made the simplifying assumption that all mutations found in controls are benign, background mutations, a reasonable assumption for the purpose of these analyses given the low prevalence of LQTS. On this basis, the case frequency of mutations in excess of the control frequency should represent the frequency of disease-causing mutations in cases. Employing these principles along with the genetic testing results of our study populations, we then calculated estimated predictive values (EPVs), the probability of pathogenicity of a mutation found in a case, where EPV = (case frequency − control frequency)/case frequency. The 95% confidence intervals (CI) were calculated for all EPVs and are included in brackets after the EPV. Upper and lower bounds of the 95% confidence intervals were calculated using the formula CI = 1−1/{e^[(ln (RR) ± z*(SE(log RR))]}, where RR = relative ratio (mutation frequency in cases/mutation frequency in controls); z = 1.959964 for 1-alpha = 95%; and SE(log(RR)) is the standard error around the log of RR. The EPVs calculated in this paper are specific to clinically definite cases as defined above.
RESULTS
Frequency of mutations in cases and controls
In total, 248 mutations (180 distinct: 129 missense mutations, 51 radical) were found among 224 of the 388 LQTS cases (58%). In contrast, only 79 unique mutations (77 missense) were found across the three genes among the > 1300 controls, (Figure 1 and Supplemental Table) . While each control had no more than one mutation, 22 cases had two mutations across the three LQTS-causing genes, and one had three. Nine cases had two mutations in KCNQ1, two had two mutations in KCNH2, and one had two mutations in SCN5A, whereas the remaining multiples included more than one gene. In addition, 31 single amino acid substitutions, 2 inframe deletions and 1 inframe duplication were seen more than once in the controls (Figure 1 and Supplemental Table) .
Mutations were significantly more common in cases than controls in each of the three genes, but to different degrees (KCNQ1: 112/388 cases (0.29/subject) vs 14/1344 controls (0.01/ subject), p = 1.24 × 10 −62 ; KCNH2: 108/388 cases (0.28/subject) vs 28/1369 controls (0.02/ subject), p = 1.41 × 10 −50 ; SCN5A: 28/388 cases (0.07/subject) vs 37/1380 controls (0.03/ subject), p = 9.71 × 10 −5 ). Table 2 shows how these mutation rates break down by ethnicity, with typically lower mutation rates among Caucasian cases and controls than non-Caucasian cases and controls. The biggest ethnic difference was the greater mutation rate in non-Caucasian controls (0.08/subject) than Caucasian controls (0.04/subject, p = 0.0025).
While over 25% of all mutations in cases were considered radical mutations, such mutations were almost never observed amongst controls. In fact, the presence of a radical mutation (splice site, nonsense, frame-shift, or in-frame insertion/deletions in KCNQ1 and KCNH2; in-frame insertions/deletions in SCN5A) confers an EPV >99% regardless of gene or gene region. The presence of a radical mutation in KCNQ1 confers an EPV of 100% (CI 91-100), in KCNH2 an EPV of 99% (CI 94-100), and in SCN5A an EPV of 91% (CI 10-99).
Missense mutations were the most common type of mutation, representing 74% (184/248) of all case mutations, including 78% (87/112) of KCNQ1, 67% (72/108) of KCNH2, 89% (25/28) of SCN5A mutations, and > 95% (77/79) of the control mutations. In contrast to radical mutations, the probability of pathogenicity, as captured in EPVs, for missense mutations is highly dependent on gene and protein region in which the mutation is discovered, as detailed in the next section.
Gene-specific estimated predictive value (EPV) analysis for missense mutations KCNQ1 (LQT1-susceptibility gene)- Figure 2 depicts the relative incidence of missense mutations in cases versus controls, divided on the basis of location. For all regions within the KCNQ1-encoded Kv7.1 potassium channel, there is a higher relative frequency of missense mutations in cases than in controls for all ethnicities (3.5 times (×) higher in cases than controls in the N-terminus, 24× in the transmembrane/linker/pore spanning region, and 21× in the C-terminus). The EPV for a mutation localizing anywhere in KCNQ1 was 96% (CI 94-98) and for a missense mutation was 95% (CI 92-97).
While the EPV, or probability for pathogenicity, for a missense mutation localizing to the Nterminus of KCNQ1 was only 71% (CI 0-98), an EPV > 90% was suggested for missense mutations localizing to the transmembrane/linker/pore and C-terminus domains of KCNQ1 (Table 3 ). There were no control mutations localizing to the specialized subunits assembly domain (SAD) of the KCNQ1 C-terminus, suggesting a high probability of pathogenicity of mutations in this region (nominal EPV = 100%). The EPVs of missense mutations localizing to each region in KCNQ1 are shown in Figure 3 .
KCNH2 (LQT2-susceptibility gene)-Mutations were discovered in cases throughout all regions of the KCNH2-encoded Kv11.1 potassium channel. In contrast, missense mutations discovered in controls localized only to Kv11.1's N-and C-termini. The relative frequency of mutations discovered in the N-terminus and C-terminus in cases versus controls was 2.7× and 3.8× respectively. The EPV for any type of mutation localizing anywhere in KCNH2 was 93% (CI 89-95) and for a missense mutation was 89% (CI 84-93). There was an extremely high probability (EPV = 100% [CI 95-100]) of pathogenicity for missense mutations localizing to the linker, transmembrane, and pore regions of KCNH2, but lower EPVs for missense mutations in the N-terminus (63% [CI 17-84]) or C-terminus of KCNH2 (74% [CI 46-87]). There were no control mutations localizing to the specialized PAS/PAC regions of the N-terminus or the cyclic nucleotide binding domain (cNBD) region of the C-terminus, suggesting a very high EPV (100% [CI 78-100]) for those sub-regions, but reduced EPV for the remainder of the N-terminal (26% [CI 0-74]) and C-terminal (56% [CI 0-81]) regions. These EPVs are summarized in Table 3 and Figure 4 .
SCN5A (LQT3-susceptibility gene)-The greatest prevalence of missense mutations observed in the control population occurred in SCN5A, for which 3% of controls were "positive" for a mutation. The EPV for any type of mutation localizing anywhere in the SCN5A-encoded NaV1.5 sodium channel was 63% (CI 40-77) and for a missense mutation was 60% (CI 33-75). Although clustering in the three interdomain linkers (IDL), control mutations were scattered throughout all gene regions, highlighting a significantly greater degree of genetic background "noise" in SCN5A than in either KCNQ1 or KCNH2. Moreover, given that the case frequency of missense mutations is lowest in SCN5A, the relative frequency of missense mutations found in cases compared to controls was quite low ( Figure 2B ). In fact, for both the N-terminus and the IDLs, the control mutation rates exceeded those of the case mutation rates, making the calculated point estimates of EPV for these regions less than the logical limit of 0%, presumably due to sampling error and perhaps the greater non-Caucasian population among the controls compared to the cases.
Given that the third IDL region (DIII-DIV) may have different biophysical properties making mutations there more likely to be pathogenic, we re-calculated the EPV specific to the DIII-DIV region and the remainder of the interdomain linkers separately. This did not significantly change the EPV conferred by mutations localizing to IDL1 (DI-DII) or IDL2 (DII-DIII), which was still below the logical limit of 0% (CI, 0-49). Similarly, the EPV of a mutation localizing to IDL3 (DIII-DIV), while 72%, had a large CI with a lower bounds below 0% and an upper bounds of 98%, likely secondary to small sample size. EPV was moderate for the C-terminus region (75% [CI 32-91]) ( Figure 5 ). The region in SCN5A with the greatest association between mutation discovery and disease causation was the transmembrane/linker regions, in which the EPV was 88% (CI 67-96).
DISCUSSION
Part of the clinical utility of a diagnostic test is the ability to recognize whether or not results of a particular clinical test fit within a "normal range" defined by population studies of presumably non-diseased patients. However, further clinical studies may redefine the normal range when taking into account other measures of clinical likelihood. One hallmark example of this is the cholesterol panel, the acceptable results of which have come to be dependent on the clinical likelihood of myocardial disease. [24] Thus, the test has limited value as a stand alone or screening measure of risk but is invaluable in the management of at-risk patients. It is becoming increasingly clear that these concepts extend to genetic testing as well, since the presence of a mutation alone needs to be considered in clinical and epidemiologic contexts. Although once hoped to be "binary" in interpretation and still often incorrectly viewed as such, genetic tests must be viewed fundamentally as probabilistic tests.
Indeed, genetic screening raises several new questions regarding patient management because genetic testing is meant variably to verify clinical suspicion or to assess susceptibility to disease. Certain mutations, in particular radical mutations, may suggest a high likelihood of disease, regardless of other clinical evidence. However, some uncharacterized missense mutations may be difficult to interpret. Recent efforts in various diseases have concentrated on methods for determining the probability of mutation pathogenicity. [2, 6] Very few studies address the interpretability of novel, rare genetic variants in the clinical expression of genetically associated diseases.
One of the largest population studies of this, done on the BRCA1 and BRCA2 genes for breast and ovarian cancer, suggested that disease causation may be difficult to assess and depends, in part, on the availability of a large control population to assess the relative frequency of novel missense mutations. [25] However, for diseases such as LQTS in which disease incidence is smaller and phenotypic expression can be surreptitious, outcomes of over-interpretation may lead to unnecessary invasive therapies and under-interpretation may, though rarely, lead to death. Therefore, the ability to accurately distinguish pathogenic mutations from innocuous mutations is vital. One of the main limitations in achieving this level of differentiation for individual mutations is the relative paucity of independent validations of pathogenicity with heterologous expression studies. In fact, less than 20% of all published "LQTS-causative" mutations have been studied functionally in this manner by all of the channel function research laboratories throughout the world combined to date. Furthermore, these studies may be hard to control for due to different cellular expression systems and the many other variables that may affect interpretation of findings. Thus, by design, all such functional testing was explicitly ignored in our study to focus instead on developing evaluative criteria for probability of pathogenicity based solely on mutation type and location.
Many mutations encountered during ongoing LQTS genetic testing continue to represent novel missense mutations (data not shown). As we have shown, the occurrence of this type of mutation does not necessarily imply disease causation given the "background noise rate" of 4% among Caucasians and up to 8% among non-Caucasians gleaned here from an examination of the three main genes in over 1300 controls. Thus, even when the pre-test probability of LQTS is high, other factors still need to be taken into account when interpreting the genetic test and counseling the patient.
The results of our study raise several key issues regarding genetic testing in general and LQTS genetic testing in particular. First, there exists "background genetic noise" in the general population and the largest component of this noise consists of very rare missense mutations. The only way to estimate the amount of "noise" is through complete testing of large numbers of ostensibly healthy controls. To our knowledge, the only other diseasesusceptibility gene that has undergone this level of scrutiny among ostensibly healthy subjects is the BRCA1 breast cancer-susceptibility gene. It would be expected that the same frequency of "noise" in the general population should also exist in patients with disease, and thus, the presence of a mutation alone, despite a high index of clinical suspicion, may not be sufficient to establish pathogenicity.
In the case of LQTS, the established yield of genetic testing among clinically irrefutable cases of LQTS is approximately 70 -75%. [26] This implies that even among absolute cases, there is an estimated 6% (4%/70%) chance among Caucasian subjects that a "positive" genetic test is a "false positive". In addition, this background noise rate is ethnicity dependent and there is a greater chance (up to 10%) for "false positives" to occur among African Americans receiving the same LQTS genetic test. As the a priori or pre-test clinical probability for a diagnosis of LQTS decreases, the probability that the identified mutation is simply "just there, just rare" rather than being an LQTS-causative mutation increases. In other words, estimated predicted values (EPVs or probability of pathogenicity) for mutations found in lower-probability patients are correspondingly lower, to the extreme of effectively 0%, except perhaps for the most critical protein regions, if testing were done as part of a universal screening program for this 1:2500 disease. However, the higher the certainty of disease, the more likely it is that a mutation is causative and the EPVs provide an upper bounds on those probabilities.
In calculating the estimated predictive value for mutations occurring in each gene region, we sought to provide a means of estimating whether a variant discovered in a proband may be causative, though this does not equate to "diagnosing" the proband. Ideally, strong linkage analysis and good functional studies would be available for every mutation, but this is usually not possible and certainly not at the moment of first discovery. Thus, the EPV is helpful in guiding initial decision making in the absence of more conclusive data on each particular mutation.
Second, the nature of the detected mutation matters greatly in predicting the probability of pathogenicity. In particular, "radical" mutations, specifically nonsense, frameshift, and splice site mutations, have a near 100% estimated predictive value for disease pathogenicity involving the two major potassium channels implicated in LQTS. In this study, one fourth of the case mutations were of this variety, enabling high-confidence positive test interpretations for this subset. For LQTS genetic testing, the challenge lies in the discernment of rare, single amino acid substitutions (missense mutations), which comprise 75% of the "positive" test results.
Third, the probability of pathogenicity for a particular missense mutation may be impacted profoundly by its location in the protein. [27] In the case of LQTS genetic testing, a mutation's specific location in the complex structure of the voltage-gated ion channel confers markedly different probabilities of pathogenicity. Thus, knowledge about the specific gene-encoded regions (i.e. structure-function domains) is a critical determinant underlying the probability of pathogenicity. In this study, missense mutations represent high probability disease mutations when localized to a channel's pore, transmembrane-spanning domains and other critical sub-domains, while extraordinary caution is necessary when interpreting the potential significance of similarly rare single amino acid substitutions in other locations, such as the IDL I-II of the SCN5A-encoded NaV1.5 sodium channel. Thus far, secondary analyses involving amino acid conservation, inspection of physico-chemical properties and in silico predictions of impact on secondary structure have not helped to further refine these estimates of pathogenicity in low EPV domains such as Kv11.1's Cterminus or NaV1.5's DI-II and DII-III linkers (data not shown).
Limitations
The cases in this study represented a referral population not necessarily evaluated clinically at either LQTS specialty center. Previous studies have demonstrated a 70-75% yield from LQT1-3 genetic testing among single center-derived, definite cases. [26] The case yield in this study was 58%, indicating that some of the cases may not have been of the highest a priori clinical probability. It can also be assumed that not all mutations found in our cases are pathogenic. In fact, this is a central premise of and motivation for our study. Specifically, the overall yield of 6% among the entire control cohort implies that approximately 10% (6%/58%) of the case mutations elucidated in this study may be "false positives". This estimate may be high for two reasons. First, our case population has a much higher representation of Caucasians, in whom the background rates are lower but overall case mutation yield is similar. This same skew in ancestry also suggests that the EPVs in this paper are relatively underestimated for Caucasians and overestimated in non-Caucasians. To estimate these ethnic-specific EPVs would require significantly larger sample sizes than are currently available. Second, the 10% "false positive" estimate above may be overestimated, and our EPVs underestimated, because this paper is based on an historical control population. The next 1300 controls would presumably have considerably fewer novel variants, as many of the rare variants would have been observed before in controls, or even in cases.
Second, the 79 rare mutations found in the control cohort are not guaranteed to all be 100% benign. Because a normal 12-lead electrocardiogram with a normal QTc was not a prerequisite for the ostensibly healthy volunteers who comprised the control cohort, it is possible that some of the controls may have LQTS and therefore, their particular rare variant could be falsely considered part of the "background genetic noise". For example, we recently found in an expanded cohort that the background rate may be less than 3% among Caucasians (data not shown). While acknowledging that some mutations amongst "controls" may represent incompletely penetrant mutations that may be pathogenic in another patient, the average penetrance of these variants must be extremely low. Otherwise, the prevalence of LQTS must be far greater than believed, or is plausible. Based on an incidence of 1 in 2500 of LQTS among the general population, we can be 98% confident that no more than two mutations listed in the control compendia are strongly pathogenic mutations rather than background noise. Among the 79 mutations found in the 1300 controls, one that is extremely suspicious for possible "pathogenic" status is the KCNQ1-A300T missense mutation that localizes to the pore-forming region. In addition, the radical 4299 + 2 T>A splice mutation in SCN5A might lead to loss of channel function, which might be predicted to confer a Brugada syndrome phenotype.
Despite representing arguably the second largest and most expansive examination of "background genetic noise" among any of the clinically available genetic tests, perhaps the biggest limitation of this study is still the relatively small sample size (> 2500 reference alleles) of the controls. Given the overall low control mutation level, upon which genetic testing generally draws its strength, the EPVs of some regions may be strongly influenced by small numbers, as is reflected in the sometimes broad confidence intervals. Given that a timely functional assay does not exist to assess whether a particular VUS can be upgraded or downgraded based upon its degree of channel perturbation, further comparative genomic investigations of cases and controls, among both Caucasian and non-Caucasian populations, are needed to improve further the diagnostic accuracy of the LQTS genetic test.
Despite these limitations, this study demonstrates clearly that ethnicity, mutation type, and mutation location, in particular channel structure-function domains are critical determinants of a particular mutation's probability of pathogenicity in the three major LQTS-causing genes.
Conclusions
When evaluating the results of any genetic test for any disease, factors including location, the possible role of ethnicity, and the possible existence of mutations in other, untested genes should be weighed in the balance. Genetic testing has the potential to offer valuable clinical information that can facilitate early clinical intervention. In the case of LQTS, the diagnostic, prognostic, and therapeutic implications of genetic testing are now viewed as fundamental to the clinical evaluation. [28] [29] However, the presence of a genetic mutation alone cannot supplant clinical evidence and, even in robust cases of LQTS, a positive genetic test result must be carefully reviewed. Indeed, genetic tests, in most cases, must be viewed by clinicians as probabilistic tests, not binary (yes/no, positive/negative) tests, which places genetic testing in good company with virtually every diagnostic test that we order.
Figure 1. Topological Depiction of All Protein-Altering Mutations
White circles represent case mutations. Black circles depict rare (each observed only once) genetic variants observed among the > 1300 healthy volunteers while black squares depict the genetic variants/polymorphisms observed more than once among the controls. All 155 distinct mutations, both radical and missense types, are included. Shaded regions: (1) SAD (subunits assembly domain); (2) PAS; (3) PAC; (4) cNBD (cyclic nucleotide binding domain).
Figure 2. Mutation Rates Across Gene-Encoded Regions
Depicted are the relative frequencies of mutations of all types (2a) and missense only (2b) in cases compared with controls. Note the relatively higher rate of mutations of all types across most regions in cases than controls. Furthermore, in most regions, there is a relatively higher frequency of missense mutations in cases than controls. The exceptions are the N-terminus and inter-domain linker (IDL) regions of SCN5A. N = N-terminus. T/L/P = Transmembrane/Linker/Pore. C = C-terminus. IDL = Inter-domain linker. T/L = Transmembrane/Linker.
Figure 3. Estimated Predictive Values for KCNQ1
Estimated predictive values in clinically definite cases for a missense mutation occurring in each major structure-function domain in the KCNQ1-encoded Kv7.1 potassium channel. The 95% confidence intervals are provided in parentheses. White circles represent case mutations. Black circles depict rare genetic variants observed only once among healthy volunteers while black squares depict the genetic variants/polymorphisms observed more than once among the controls. Shaded region (1) represents the SAD (subunits assembly domain).
Figure 4. Estimated Predictive Values for KCNH2
Estimated predictive values in clinically definite cases for a missense mutation occurring in each major region in the KCNH2-encoded Kv11.1 potassium channel. The 95% confidence intervals are provided in parentheses. White circles represent case mutations. Black circles depict rare genetic variants observed only once among healthy volunteers while black squares depict the genetic variants/polymorphisms observed more than once among the controls. Shaded regions (2) and (3) are the PAS and PAC specialized regions, respectively, and shaded region (4) represents the specialized cNBD (cyclic nucleotide binding domain). Estimated predictive values in clinically definite cases for a missense mutation occurring in each major region in the SCN5A-encoded Nav1.5 sodium channel. The 95% confidence intervals are provided in parentheses. White circles represent case mutations. Black circles depict rare genetic variants observed only once among healthy volunteers while black squares depict the genetic variants/polymorphisms observed more than once among the controls. 
